Space-time codes provide both diversity and coding gain when using multiple transmit antennas to increase spectral efficiency over wireless communications systems. Space-time block codes have already been included in the standardization process of UMTS in conjumction with conventional channel codes (convolutional and turbo codes). We discuss different encoding and decoding strategies when transmit diversity is combined with conventional channel codes, and present simulations results for the TDD and FDD modes of UTRA.
I. Introduction
Employment of multi-element antenna arrays at both transmit and receive sites is capable of enormous theoretical capacity over wireless communications systems. Time-varying fading due to multipath propagation can be effectively combated by using more than one transmit antennas, providing transmit diversity advantage. Different techniques to achieve transmit diversity have been reported in the literature. Recently, space-time codes have been formulated form a coding perspective to provide both coding and diversity gain. Space-time codes may be based on a trellis structure (Space-Time Trellis Codes [l] ) or be block-oriented (Space-Time Block Codes [2] ). On one hand, STTC provide transmit diversity while they can also achieve coding gain since long memory codes can be used at the encoder. On the other hand, STBC act in a block-wise manner so that only those bits (symbols) being encoded TIC98-0412, TIC98-0703, TIC99-0849 and the Catalan Govemment (CRIT) 1998SGR 00081 0-7803-6507-0/00/$10.00 02000 IEEE within a block will be 'connected' thanks to the code constrains, hence providing small coding gain but a very simple decoding algorithm. In [3, 4 ,5] Foschini et al. presented a high efficiency transmit diversity scheme, namely BLAST (Bell Labs Layered Space-Time Architecture), which basically demultiplexes the data stream to different substreams, each one sent to each antenna. Finally, these substreams, which might have been independently encoded by a channel code, are modulated and sent from their respective antenna.
In general, we have to consider a system concatenating an outer channel code with a space-time code (inner code) as in 31th generation mobile systems, where STBC using two transmit antennas (Alamouti code [alamouti]) have already been included in the standardization process of UMTS in conjunction with conventional channel codes (convolutional and turbo codes) [6, 7] .
In this paper we present performance results of this concatenated scheme for the TDD and FDD modes of UTRA, as well as a comparison with other transmit diversity schemes. Different decoding approaches are analyzed in terms of probability of error and decoding complexity.
The paper is organized as follows. Sec.II. describes the system model and the encoder and decoder structure. Sec.II1. presents different transmit schemes and their decoding algorithms. Simulation results are analyzed in Sec.IV. Finally, brief conclusions are given in Sec.V. Figure 1 shows the transmit scheme of the system considered in this paper. Information bits bi are first encoded by an outer channel code, which can be a convolutional code or a turbo code as specified by 3GPP. The packet length to be encoded (N) depends on the information bit rate and TTI (Transmission Time Interval) but block segmentation should be performed if it is larger than the maximum admissible coding length, i.e. N=504
System Model
and N=5114 for convolutional codes and turbo codes, respectively. The frame for the UMTS 3" generation mobile system is divided into 15 timeslots, each one of 2560 chips at chip rate of 3.84 Mchipls, hence each frame is transmitted in IOms. TTI takes values of 10, 20, 40 or 80ms depending on the service constraints. Coded bits c, are fed to a first block interleaver which interleaves across different frames if TTI is larger than 10ms. Radio frame segmentation is performed before coded bits are interleaved (only within a frame) by a second block interleaver. Both interleaver patterns are specified in [6, 7] . Finally, the space-time coder outputs d,(t) i=l..nT symbol constelation points at each time slot t, which are transmitted simultaneously from each antenna i, i=l..nT.
The signal constellation is scaled such that the total transmitted energy in normalized to unity. We assume that the energy is equally distributed along all transmit antennas, hence the average energy out of each antenna is l/nT . We consider a system employing nr=2 transmit antennas and nR=2 receive antennas. We restrict ourselves to nT=2 since only two transmit antennas are being considered by the 3GPP standardization group, and to a QPSK constellation.
The received signal is a noisy filtered superposition of the transmitted signals, i=l where r,(t) j=l..nR denotes the received signal at time t at receive antenna j , j=l..nR, and nj($ represents an additive white Gaussian noise modeled as independent samples of a zero mean complex Gaussian random variable with variance Nd2 per dimension . hij($ denotes the fading coefficient from transmit antenna i to receive antennaj at time t. Since the angular spread seen at the mobile is in general relatively large due to local scattering we assume that path gains between antennas at the mobile are independent. However this assumption is not applicable at the base station, where antennas are correlated owing to a small angular spread. Figure 2 shows the receive path of the system being considered. The space-time decoder computes the soft-(bit)-values (Log-Likelihood) of the transmitted bits from the received signal rj(t), j = l ... nR and channel estimates i ; ,. In this paper we consider ideal channel estimation, that is, i ; = h. After de-interleaving, the estimated softvalues are fed to the outer channel decoder.
As mentioned above, we can consider this system as the concatenation of an inner code with an outer code, hence it is an open question whether an iterative procedure that feeds back the output of the outer code to the inner code will improve the overall system performance, as it happens with turbo decoding. This feedback information has to be interleaved by the same interleaving patters that where present in the transmitter site. This iterative procedure, as well as the decoding algorithm for the space-time code, are described for each transmit scheme under consideration in next section. The turbo code (outer code) is decoded using the iterative decoding algorithm given in [9] . The decoder, when convolutional codes are used as outer codes, is simply the Viterbi algorithm if only hard-decisions are required at the output, but the SOVA [lo] , log-MAP or max-log-MAP [ll] algorithms are used to compute softvalues for the decoded bits if needed.
Transmit Diversity Schemes

STBC: Space Time Block Codes
Space-time block codes have been described in [ 11 as a generalization of the Alamouti code to more than 2 transmit antennas. Since the Alamouti code provides diversity gain but no coding gain, we can not expect any improvement trough iterative decoding and, consequently, a feed-forward decoding scheme without feedback information was implemented.
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STTC: Space Time Trellis Codes
STTC [2] are defined over a trellis structure where each input symbol has associated nT symbols, each one of them transmitted from each antenna. The STTC simulated in this paper are those proposed in [2]. We note again that no bandwidth expansion is required for this codes. The decoding step is based on maximum-likelihood sequence estimation (MLSE).
If the target is to output hard decisions from the decoder, a simply Viterbi algorithm can be used to compute the path with the lowest accumulated metric. The branch metric from state s to s' is given by, However, it is also possible to compute soft-values by using any MAP-based algorithm (i.e. MAP, log-MAP, max-log-MAP [11,12]). An iterative procedure could be performed in order to improve the performance of the overall resulting system. Nevertheless, we note that both codes are serially concatenated, which implies that the outer code should calculate soft-values for both coded and uncoded bits, that is to output soft-values not only for those bits corresponding to the input to the outer channel encoder but also for those bits actually encoded by the channel encoder. However, a MAP algorithm to compute softvalues for coded bits requires higher computational complexity than the 'conventional' MAP algorithm. Hence, in order to keep the decoding complexity as low as possible, we only feed-back ' a priori' values for those
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uncoded bits out of the outer code, whereas the ' a priori' values for coded bits are set to zero.
Transmit Diversity schemes without 'space coding'
STBC generate orthogonality between transmit channels so that the receiver can separate those symbols transmitted from each antenna. STTC are designed according to the rank and determinant [2] criteria to maximize the diversity and coding gain, respectively.
Of course, one could transmit different symbols from different antenna without 'space' encoding the signal to provide orthogonality.
Different publications appeared in the literature using several transmit antennas without using STBC nor STTC. Layered space-time codes (i.e. BLAST) developed by Foshicni et al. [13] or a Turbo Coded Modulation with antenna diversity [ 141 are examples of those publications.
BLAST is a bandwidth-efficient transmitter architecture, which takes advantage of the spatial dimension by transmitting and detecting a number of independent co-channel data streams (substreams) each one transmitted from different antenna [3, 4, 5 ]. Basically, the bitstream (coded or uncoded data from previous blocks) is demultiplexed into different substreams (one per each transmit antenna), encoded into symbols and fed to its respective transmit antenna. On one hand, inter-substream coding, such that some redundancy between substreams is incorporated, leads to D-BLAST. On the other hand V-BLAST does not encode the signal (or, at least, only individual substream coding is applied).
'\=I
In general, we could set up a transmit diversity system as the one presented in Figure 4 . Bits are first encoded by an outer channel code. After demultiplexing the resulting coded bits, another channel code is applied to each substream and finally mapped into the appropriate signal constellation. Again, the receiver structure could incorporate feedback mechanisms to iteratively decode the transmitted bit-stream, as shown in Figure 5 .
As described in [3] the detection process for layered space-time coding of all substreams is divided into three key aspects: interference nulling, interference canceling and compensation. Interference nulling projects out interference from those substreams not yet detected, interference canceling substracts out interference of those substreams already detected, finally stronger substreams compensates weaker ones. Alternatively, we can compute the log-likelihood ratios of the transmitted bits directly for the received signals rj(t). Suppose that symbols d={d,(t) The log-likelihood for bit b, is given by, Assuming that all symbol constellation points are equally likely and that the received signals at each receive antenna are conditionally independent, which leads to [14] , where the mapping function maps bit sequence b to symbol sequence d.
Again, BLAST architecture using channel codes with code rate l/nT does not require any bandwidth expansion, and thus can be compared fairly with the STTC and STBC. Table 1 . According to 3GPP specifications, block segmentation occurs if the uncoded packet length is larger than the maximum allowed encoding size. The input block is divided into different packets and they are encoded separately.
IV. Simulation Results
The outer channel code used either a convolutional code or a turbo code. The convolutional code is a feedforward convolutional code with rate 1/3 and constraint length &,=9 whose polynomial generators are {557, 663, 77 1 1, expressed in octal form.
The turbo code is constructed by parallel concatenation of two recursive 8-state convolutional codes. The turbo code rate is 1/3 with transfer function, bits 16 bits 40;
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Turbo code
The turbo code internal interleaver, as well as the interframe and intra-frame interleavers, are those defined in 16-71.
The following transmit diversity schemes have been considered: STBC (Alamouti Code), STTC (Cstates), and different configurations for the structure presented in Figure 4 , that is: TD.l) Outer channel code: turbo code rate 1/3. Inner channel code: 8-state convolutional code rate 1/2. TD.2) Outer channel code: turbo code rate 1/6. Non inner channel code.
Note that both schemes do not require any bandwidth expansion compared to a turbo code rate 1/3, since there are 2 transmit antennas. We assume that the system is using two transmit and two receive antennas. Figure 6 and Figure 7 show the performance of the complete coding scheme for a data rate of 4.1 kbps of STBC and 4-states STTC concatenated with a convolutional code (CC), at vehicle speed of 3 kmh and 60 kmh, rspectively. The packet length is 164 bits (with 16 CRC bits). The STBC improve the STTC performance by 1 dJ3 at same BER. At 60kmh the interleaver obtains an additional gain since the channel changes during the transmission interval. Note that in this case for the TD.l scheme the outer channel code is the convolutional code defined by 3GPP. No significant iteration gain is obtained using feedback information from the inner to the outer channel code. information from the inner to the outer code when using STBC or 4-states STTC neither at 3kmh nor at 60kmh.
Using scheme TD.l it is possible to obtain an additional (small) iteration gain at 3kmh, but at expenses of high decoding complexity, because feedback information for all (coded and uncoded) bits should be computed. Nevertheless, as shown in Figure 8 , this iteration gain is only about 0.5 dB at same Emo. At 60 kmh, TD.l also offers small iteration gain, but in this case only feedback information for uncoded bits was computed.
In Figure 10 and Figure 11 we present performance results for a 384 kbps service at 3 kmh and 60 kmh, respectively. The packet length to the encoder is 7680 bits, which is divided in two packets of length 3840 because it is larger than the maximum encode size. Figure 8 and Figure 9 show the results for a 64 kbps service at 3 and 60 kmh, repspectively. We note that TD.2 scheme improves with more than 2 dB the BER achieved by scheme TD.l. This suggests that is better to perform inter-substream coding, i.e. generate code redundancy through different substreams, rather than independently encode each antenna branch. At 3kmh there is no improvement by performing more than 2 turbo-decoding iterations. Since the channel remains almost constant during the whole transmission there is no time diversity to be exploited by the interleaver between component codes. At 60kmh the turbo decoder still improves the BER after 2 iterations. Simulations presented have been run with 4 turbo decoder iterations. We must note that we are assuming perfect channel estimation, however imperfect channel estimation based on the training sequence will decrease the performance. We also observe that no significant iteration gain is achieved by feeding back soft Transmit diversity scheme TD.2 outperforms scheme TD.1. In these simulations only feedback information for uncoded bits was computed and no significant iteration gain was observed.
Finally, Figure 12 shows the performance for a data service of 2 Mbps using STBC or STTC concatenated with a turbo code at 3 kmh and 60 kmh. Again, block segmentation is required in order to ensure a correct input packet length to the turbo encoder. 
V. Conclusions
In this paper, we presented the performance of different transmit diversity techniques combining space-time codes with an outer channel code using two transmit antennas. In this analysis, STBC outperform 4-states STTC and two different transmit schemes with antenna diversity that do not use space-time coding (TD.1, TD.2). Both STBC and 4-states STTC provide a diversity advantage of 2 but no additional gain can be obtained by using a feedback from the outer code to the inner space-time code.
However, there are many other alternatives to be studied. Long memory STTC or different structures for TD than those presented in this paper based on, for example, multilevel coding could also be considered. Extensions to more than 2 transmit should also be studied. STBC and STTC can easily be extended to higher number of transmit antennas, although STBC with more than two antennas have a rate lower than 1.
Furthermore, channel state estimation should also be considered in the analysis.
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